I. Introduction
Crystalline compounds such as skutterudites (AT 4 X 12 with A = alkali, alkaline-earth, rare-earth, actinide metals or thallium, T = Fe, Ru, or Os; X = P, As, or Sb), silicon-and germanium-based clathrates, b-pyrochlore oxides (AOs 2 O 6 with A = K, Rb, and Cs) and AV 2 Al 20 (with A = Al, Sc, Ga, Y, Lu, La, and Ce), to name a few only, are formed by a network of interconnected polyhedra which features open voids and allows different electropositive elements A to be embedded into them. [1] [2] [3] In many of these compounds experiments established the presence of apparently localized vibrational modes at energies as low as a few millielectronvolts only, i.e. within the range of acoustic phonons. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Often, results of diffraction and bulk experiments conducted on these compounds can be satisfactorily approximated by implying the existence of a low-energy Einstein mode. For this reason these compounds are often referred to as Einstein solids, a term applied originally to Al x V 2 Al 20 . 18 A few of these Einstein solids
show an unusual response to temperature changes. Thereby, the low-energy modes exhibit a blue-shift upon heating and inspired to be dubbed 'rattling' modes. 4, 14, [19] [20] [21] [22] [23] Numerous experimental studies on the electronic and heat transport properties of Einstein solids indicate a distinguished interaction of the localized low-energy modes with electrons and phonons of the compounds. Low-energy modes facilitate Cooperpairing and, thus, superconductivity in metals. 13, 14, 21, 22, [24] [25] [26] They form an obstruction to thermal transport accomplished by long wavelength phonons. [27] [28] [29] The last feature is being paid great attention to for its potential exploitation in thermoelectric devices whose materials require very low lattice thermal conductivities k l (T) for excellent performance.
Over the past few years, microscopic experiments such as inelastic neutron scattering (INS) and dedicated simulation and modelling techniques have refined the perception of the localized low-energy vibrations. It is found that collective modes, i.e. phonons, can account for the properties of the low-energy inelastic response with high quality. 15, 16, 20, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Weaker bonding of the electropositive elements with the polyhydral matrices results in rather low energies of their collective, hybrid modes. The formation of low-energy vibrational eigenmodes is as well facilitated by high masses of the electropositive elements often used for the alloying. In any case the low-energy modes are characterized by distinguished dispersion o(Q), i.e. the energy ho(Q) of eigenstates varies strongly with their momentum hQ and gives rise to a number of van Hove singularities qo(Q)/qQ = 0 at different Q. [41] [42] [43] [44] The van Hove singularities manifest themselves as multiple maxima in Q-averaged inelastic responses such as the vibrational density of states Z(o). Whereas in experiments probing a Institut Laue Langevin, 6 Rue Jules Horowitz, B.P. 156, 38042 Grenoble, Cedex 9,
France. E-mail: koza@ill.eu b Max-Planck-Institut für Chemische Physik fester Stoffe, Nöthnitzer Straße 40,  01187 Dresden, Germany momentum-and energy-averaged signals, such as heat capacity measurements and thermal displacement studies, they are settled as an apparent single Einstein frequency. [45] [46] [47] The importance of the low-energy phonons for the lattice thermal conductivity is not completely clear since k l (T) is modified strongly by other properties of the compounds. For example, topological and chemical disorder and partial filling of the voids are some dominant effects reducing k l (T) significantly. [48] [49] [50] They are indeed common to and vary appreciably in most of the Einstein solids listed above. To draw conclusions of general validity upon the effect of the low-energy 'rattling' modes on the thermal conductivity a compound has to be studied whose low-energy dynamics is known to have a primary impact on k l (T) and can be tuned in a wide range of energies by the inclusion of distinct electropositive elements.
In this paper we discuss that AV 2 Al 20 accepting a variety of electropositive elements A such as Al, Sc, Ga, Y, Lu, La, Ce, and Yb is a promising compound for such studies. The AV 2 Al 20 compounds adopting the cubic CeCr 2 Al 20 structure type which is sketched in Fig. 1 are built-up by slightly distorted icosahedra formed by Al(48f) and Al(96g) (Wyckoff positions are given in parentheses) atoms surrounding the V atoms. These icosahedra are linked together by the Al(48f) atoms along the [110] direction. Such inter-connected icosahedra form a tetrahedral framework with the Al(16c) atoms being in the center of hexagonal prisms. These prisms share common triangular faces with the icosahedra and are thus composed of Al(96g) atoms. In this architecture the A atoms reside in spacious voids occupying the (8a) position (see Fig. 1 ). They are coordinated by 12 Al(96g) atoms forming a truncated tetrahedron. Another 4 Al(16c) atoms cap the hexagonal faces of the truncated tetrahedron. This kind of coordination polyhedron with 16 vertices is called the Friauf polyhedron and is frequently encountered in complex topologically close-packed intermetallic crystal structures.
The distinct dependence of k l (T) on different filler atoms is highlighted in Fig. 2 20 with A = &, Sc, La, and Ce. With A = & we refer throughout this paper to the computer generated binary compound with voids left unoccupied. To allow a close-up view of the inelastic signal specific to the elecropositive elements their scattering power in INS requires to be sufficiently high. For this reason the focus is set on the Sc and La containing compounds. The scattering power of Ce is small thus the signal in INS from CeV 2 Al 20 reflects the dynamics of the poly-anionic matrix, however, modified by the coupling with Ce.
II. Experiments and density functional calculations
A. Sample preparation and characterization AV 2 Al 20 (A = Sc, La, and Ce) samples of the ternary compounds were prepared by a multi-step synthetic approach. First, binary precursor compounds VAl 3 , ScAl 3 , LaAl 4 , and CeAl 4 were synthesized by arc melting of the elemental metals (Sc ingots, Chempur 99.9 wt%, La rods, Ames 99.9 wt%, Ce rods, and Ames 99.9 wt%). The binary compounds were placed in corundum crucibles, sealed in evacuated quartz ampoules and heat treated at 900 1C for 5 days. After that they were ground in a hard-metal mortar to a fine powder (particle size o100 mm) which was then Fig. 1 Left, environment of the A filler atoms at the center of the 16 vertices Friauf polyhedra formed by Al(96g) (small red balls) and Al(16c) (medium white balls) atoms. The crystallographic axes are indicated with a1 corresponding to the x-direction and a3 to the z-direction, respectively. Right, polyhedral representation of cubic AV 2 Al 20 with the distorted Al(48f) icosahedra centered by V atoms (yellow) surrounding the hexagonal Al(96g) prisms (white) which are centered by Al(16c). They nest the Friauf polyhedra centered by A. blended with Al powder in stoichiometric ratios following equation: AAl x + 2VAl 3 + (14 À x)Al -AV 2 Al 20 .
Sample batches of 3g each were cold compacted in press forms without the use of lubricants. The resulting tablets were placed in corundum crucibles, sealed in quartz tubes under an atmosphere of about 400 mbar Ar gas. After slow heating to 600 1C the samples were kept at this temperature for 1 week for an initial heat treatment. Then they were reground and re-compacted and annealed at temperatures of 700 to 750 1C for one week. These steps were repeated until reactions were completed.
The ternary compounds were obtained as dense sintered sample specimens. A minor impurity of free Al metal was detected by X-ray diffraction and microprobe analysis. Tiny crystals of ScV 2 Al 20 could be isolated from a sample with ScV 2 Al 20 composition prepared by arc melting of the elements, annealed at 660 1C for one month, followed by heat treatment at 800 1C for 1 week in a corundum crucible which was sealed in a quartz tube under an atmosphere of 400 mbar Ar gas.
Metallographic microstructure analyses on polished surfaces were performed by optical microscopy and electron probe microanalysis. The latter investigations were carried out by energy dispersive analysis (EDX) on a Philips XL 30 scanning electron microscope. The chemical composition deduced by EDX analysis is: Sc 0.9(1) V 2 Al 20 , La 0.9(1) V 2 Al 20 , and Ce 0.9(2) V 2 Al 20 . Note that for clarity we set aside the notion of the filling ratios throughout this paper.
B. X-Ray diffraction and thermal conductivity
Powder X-ray diffraction (XRD) measurements were made using CoKa radiation (l = 1.789007 Å) applying the Guinier-Huber technique. Single crystal data for ScV 2 Al 20 and Al x V 2 Al 20 were collected on a Rigaku R-axis RAPID diffractometer (Mo K a , l = 0.71073 Å). Crystallographic structure refinements and calculations were made using the WINCSD 51 The thermal conductivity k(T) (see Fig. 2 ) was determined simultaneously with electrical resistivity r(T) and the Seebeck coefficient S(T) using a commercial setup (option TTO, PPMS, Quantum Design). The lattice contribution to thermal conductivity, k l (T), was estimated by subtracting the conduction electron contribution k e from the total k(T). k e was estimated by the Wiedemann-Franz law with Precise T values are reported with the data hereafter. Standard procedures for data correction and conversion were utilized. Data are corrected for empty can scattering, for absorption, self-attenuation and frame overlap effects, for different detector efficiencies of the multidetector units, and for the energy dependent efficiency of the Helium-3 counters. Scattering lengths and absorption cross sections tabulated in the literature were exploited. 53 Their values are listed in Table 1 .
The dynamic structure factors S(o,T) were calculated as a scattering-angle averaged signal. To highlight the effect of the Debye-Waller factor (DWF) on the dynamic response functions the S(o,T) are corrected for the Bose-Einstein thermal occupation number. The generalized density of states G(o) was derived taking full account of the incoherent approximation formalism. 40, 43, 44, 54, 55 D. Ab initio lattice dynamics calculation First principles calculations were performed using the projectoraugmented wave formalism of the Kohn-Sham DFT at the generalized gradient approximation (GGA) level, implemented in the Vienna ab initio simulation package (VASP). [56] [57] [58] [59] [60] The GGA was formulated by the Perdew-Burke-Ernzerhof density functional. 61, 62 The Gaussian broadening technique was adopted. All calculations presented in this study were performed with one unit cell comprising 176 and 184 atoms for &V 2 Al 20 and AV 2 Al 20 , respectively. A k-mesh of 7 Â 7 Â 7 points in the Monkhorst-Pack scheme and the energy cut-off of 375 eV were applied. A series of energy minimization runs for a variation of the cell volume up to AE5% were carried out to compute the equation of state (EoS) of the compounds. Bulk moduli B o , their pressure derivatives B 0 and equilibrium volumes V o were derived from a match of the Birch-Murnaghan equation to the total energy data U(V). 63 Atomic potentials of Al(16c) and A(8a) in x00 and xxx directions were examined by displacing the respective atoms, one at a time, with a gradually increasing amplitude up to a maximum of Dx AE 0.55 Å. x00 and xxx correspond to the directions of the displacements exploited for the computation of Hellmann-Feynman forces and to the direct view between the 16c and 8a sites, respectively. The applied mesh of displacements can be concluded upon from figures reported hereafter. The vibrational dynamics of the compounds were calculated by the direct method implemented in the program PHONON based on Hellmann-Feynman forces derived from a series of single point energy calculations. 64, 65 A Q-mesh of 2 Â 10 5 points was utilized for the calculation of the total Z(o) and partial Z n (o) vibrational densities of states with n denoting the constituents of the compounds. The corresponding response functions such as thermal displacement parameters U n iso (T),
and heat capacities
were computed within the harmonic approximation. M n represents the elemental mass, k B the Boltzmann, and h the Planck constants. Anharmonicity effects were examined from Hellmann-Feynman forces computed with structures whose lattice parameters were varied by AE1 % from the equilibrium values. Mode Grüneisen parameters
the associated thermodynamic Grüneisen parameters
and the coefficient of linear thermal expansion
were computed. The mode specific heat at constant V is
We limited this consideration to modes at the Brillouin-zone center (G point). Consequently, o o i denotes the ground state G-point energies and the summation is carried out over all G-point modes i.
To allow a direct comparison of the computer generated response with experimental data we applied the PALD technique to compute the Q-resolved and orientationally averaged phonon form-factors of the compounds. 33, 36, 39, 40 A total of 10 5 Q-points in the wave vector range 0-10 Å À1 was exploited for the PALD response. Extracting the phase-space region monitored using the IN6@ILL and IN4@ILL instruments, accounting for the scattering lengths and cross sections of the compounds' constituents, and approximating the energy resolution of the spectrometers allow computing PALD-generated Q-averaged generalized density of states G 0 (o) in analogy to the measured G(o). To highlight the strong differences in the scattering properties of the compounds' constituents we report in Table 1 their scattering power. Note for example that the probability of scattering neutrons from scandium is almost one order of magnitude higher than the scattering probability from aluminum, hence, leading to an enhanced departure of the measured spectral density G(o) from the phonon density of states Z(o).
III. Results
A. Equation of state and structural properties Table 2 . Table 3 
B. Lattice dynamics calculations
The computed G-point frequencies are listed in Table 4 . They correspond to o o i exploited in eqn (7) . Phonon dispersions ho(Q) along high-symmetry directions are reported in Fig. 4 . For clarity we restrict the presentation of the phonon eigenmodes to the lowenergy region only. At higher energies the density of eigenmodes is too high to allow significant conclusions upon differences in ho(Q) between the different compounds. A more apprehensible information is hence offered by the total Z(o) and partial vibrational densities of states Z n (o). They are reported in Fig. 5 .
Depending on the occupation of the 8a site significant changes in total Z(o) are observable at ho t 20 meV (t5 THz). At ho 4 20 meV only a subtle renormalization of the response can be identified. As expected, at ho t 20 meV the cation vibrations dominate the inelastic response. Their coupling to each of the unique atoms is significantly different having the strongest effect on the Al(16c) dynamics. Al(16c) exhibits a localized density of states peaking at around 16 meV in the binary compound. In ScV 2 Al 20 the localized Z Al(16c) (o) splits into two bands with characteristic energies of about 16 meV and 24 meV. These bands are renormalized to 12 and 30 meV in LaV 2 Al 20 and to 15 and 28.5 meV in CeV 2 Al 20 . As can be seen from the texture of the partial densities of states, the renormalization of the low-energy maximum is due to a strong hybridization with the A(8a) vibrations. To quantify these findings the mean energies % E n and the variances Ẽ n of A(8a) and Al(16c) were calculated as
They are listed in Table 5 In accordance with Z(o) they exhibit only a weak renormalization at ho 4 20 meV for different occupants of the 8a sites. The dynamics of vanadium (16d) is in line with these results. However, for ho t 20 meV its density of states is characterized by a low, flat and textureless profile. [74] [75] [76] space group Fd % 3m (227), origin choice 2) obtained for the DFT optimized structures and derived from X-ray experiments on polycrystalline and single-crystal specimens. Listed are fractional coordinates xyz of the cation sites. The fractional coordinates of Al(16c), A(8a), and V(16d) correspond to (0 0 0), (1/8 1/8 1/8), and (1/2 1/2 1/2) respectively. The compounds are characterized by the occupants of the 8a site
DFT calculation
Powder X-ray Single crystal X-ray The most distinct influence on the collective vibrations is generated by the inclusion of Sc. In ScV 2 Al 20 its characteristic frequencies are located below the first optic modes of the binary compound. These optic modes are dominated by Al(96g) vibrations and can be identified from the first strong peak at about 11.6 meV (2.8 THz) in the densities of states in Fig. 5 as well as by the flat phonon dispersions at this energy in Fig. 4 . Thus, Sc hybridizes weakly with the V 2 Al 20 vibrations forming the additional dispersionless optic phonons at energies down to 5 meV (1.2 THz). Small peaks in Z Al(16c) (o) and Z Al(96g) (o) matching the texture of Z Sc(8a) (o) give evidence of this weak hybridization.
We indicate by the red dashed line drawn with the phonon dispersion of ScV 2 Al 20 in Fig. 4 the boundary below which the Table 3 , in ScV 2 Al 20 they are infra-red (T 1u ) and Raman (T 2g ) active eigenstates.
C. Atomic potentials and force constants
Some features of the established collective dynamics can be broken down to the shape of atomic potentials approximated on the DFT level and to force constants determining the LDC. Atomic potentials U(Dx) of Al(16c) and A(8a) are reported in Fig. 6 . Table 6 In contrast to the Al(16c) potentials, the harmonic contribution to U(Dx) of A(8a) is isotropic. A A x00 and A A xxx do not change systematically with A Al x00 and A Al xxx in the respective compounds but take on a minimum for Sc and a six times higher maximum for La. Since the mass ratio of La and Ce with Sc corresponds only to about three (see Table 1 ) the characteristic frequency of the heavy cations La and Ce is to be expected at higher values as evidenced by the Z A(8a) (o) in Fig. 5 .
In the binary compound the potential of Al(16c) appears to be considerably anharmonic in x00 direction. This anharmonicity is progressively suppressed in the ternary compounds following the sequence of Sc, Ce and La occupants. On the other hand the potential appears to be perfectly harmonic in xxx direction with B Al xxx = 0. However, the most striking result of the potential analysis is the distinctive anharmonicity of Sc. As can be seen in Fig. 6 the U(Dx) of Sc is strongly reminiscent of a flat bottom potential. Note that the quality of the match of the quartic analytical function does not depend significantly on the fitting range, as we have probed in different fitting approaches not discussed here. Clearly, the quartic term is found to be intrinsic to the DFT-computed Sc potential. Terms of higher order such as of sextic proved to be redundant. Apart from its indispensable significance for the modelling of the Sc potential the quartic term proved to be of relevance to improve the fit quality for Al(16c) in &V 2 Al 20 along x00.
The parameters A should reflect the harmonic forces derived from the Hellmann-Feynman forces through the LDC. The nonzero components of the 3 Â 3 force matrix F ij are listed in Table 7 . They match the expected relations of 2A x00 = F ii and 2A xxx = F ii + 2F ij with i, j = x, y, z and prove the consistence of the potential analysis. Fig. 7 depicts the phonon formfactor of ScV 2 Al 20 at T = 300 K and the corresponding relative Debye-Waller factor (DWF) computed by PALD. The effect of the elevated temperature is visualized by the decrease of the DWF towards high wave vectors Q. This decrease is particularly pronounced for vibrational modes to which Sc contributes with high amplitudes, i.e. to modes at 4 t ho t 10 meV. In INS experiments the phonon intensity is determined by F(Q,o,T) comprising the DWF. 40 Thence, the characteristics of the Sc dynamics are detectable at low Q only evidenced by the pronounced signal localized at 1 t Q t 5 Å Fig. 7 . The scatter towards high energies of the experimental data taken at 100 K results from reduced intensity due to the lowered Bose-Einstein View Article Online occupation number. Note that at 100 K a peak around 22 meV becomes detectable stemming from elastic second-order scattering of the spectrometer's monochromator. We find an overall good match between the experimental and PALD data sets. In any of the measured G(o) pronounced low-energy peaks are identified giving evidence of the localization of the Sc, La and Ce dominated vibrations at low energies as discussed above. In particular for LaV 2 Despite the overall good approximation of the ScV 2 Al 20 INS response the match is less satisfactory for two reasons. Firstly, the pronounced low-energy peak dominated by Sc dynamics is shifted towards low energies in the PALD data. Although, the experimental results give evidence of a positive anharmonicity do(T)/dT 4 0 of this peak between 100 and 300 K, this anharmonicity is too small to compensate for the overall mismatch of this peak even at base temperature. Secondly, the spectral shape of the PALD distribution indicates better resolved peaks than found in the experimental G(o). Obviously the analytically approximated energy-dependent resolution function of the spectrometer, which has been convoluted with the PALD results, is not fully sufficient to account for the broadening of peaks in the experimental signal of ScV 2 Al 20 .
D. Inelastic neutron scattering and powder average lattice dynamics
To shed more light on the anharmonicity of the Sc-, La-and Ce-dominated low-energy modes and their spectral distribution Fig. 9 reports the Q-averaged dynamic structure factors S(o,T) derived from IN4@ILL experiments. S(o,T) has been corrected for the Bose-Einstein occupation number, thence, the intensity changes reflect the T dependence of the DWF only.
The INS derived S(o,T) are affected by the following experimental effects. Bragg reflections are mediated through the energy resolution of the spectrometer and disguise the inelastic signal at ho -0 for T -0 as evidenced in Fig. 9 . In general, lattice dynamics calculations do not account for elastic signals. Moreover, the compounds incoherent scattering mainly given by vanadium (see Table 1 ) contributes to the INS response. It is not accounted for by our PALD approach as it contributes monotonically as a flat background to the signal in the energy ranges considered in Fig. 9 .
Aside from these effects, the PALD approach reproduces the properties of the low-energy modes with high quality. For LaV 2 Al 20 and CeV 2 Al 20 the spectral shape and its T response are captured in detail. Weak anharmonicity is revealed by the experiment evidenced by a smearing and a weak red-shift do(T)/dT o 0 of peaks upon heating. Within the quality of the present data we quantify this shift to about À0.2(1) meV between 2 and 300 K. However, this shift does not apply universally to all identified peaks. We highlight only the behaviour of the small peak at about 14.5 meV in LaV 2 Al 20 response whose T shift is roughly doubled. According to Z n (o) it is dominated by Al(96g) vibrations. A similar conclusion can be drawn for the peak around 12 meV in CeV 2 Al 20 .
For ScV 2 Al 20 the IN4@ill data firm up the observations made with the IN6@ILL measurements. As expected from the PALD calculations the intensity loss due to the T-dependence of the DWF is strongest for ScV 2 Al 20 , in spite of the smaller Q range monitored. In comparison to the PALD results the Sc-dominated modes are localized at higher energies and specific peaks, although implied in the low-energy maximum, barely resolved. Upon increasing T this maximum exhibits a pronounced blue-shift do(T)/dT 4 0 in contrast to the LaV 2 Al 20 and CeV 2 Al 20 response. IN6@ILL results have been approximated by three Gaussians one explicitely dedicated to match a peak around 11.5 meV. This peak is identified by lattice dynamics calculation in Fig. 5 being dominated by Al(96g) dynamics and marked by the red dotted line in Fig. 8 . The results are displayed in Fig. 10 . We report the energy positions of the peaks with the Stokesline data explicitely discriminated as E 1 (T) and E 2 (T) as well as the moments of energy hE(T)i computed from the 2-and 3-Gaussian spectra, respectively. The entire set of hE(T)i has been matched by a linear T-dependence E(T) = E* + CÁT with E* = 7.745 meV and C = 0.007379 meV K À1 as indicated by the solid line in Fig. 10 . To classify the strength of the anharmonicity we interprete the values of E 1 (T), E 2 (T) and hE(T)i in terms of the Dahm and Ueda model (DUM) introduced in ref. 69 . As indicated by the gray shaded area in Fig. 10 the evolution of the entire set of data is in agreement with an anharmonicity parameter b in the range of 0.15-0.5. The T-variation of the low-energy modes in ScV 2 Al 20 evidences the presence of a term surmounting the cubic term characteristic of thermal expansion. 41 It is thus in agreement with a strong quartic anharmonic term in the Sc potential as discussed in Section IIIC. In contrast, for La and Ce the cubic term is obviously balancing out any other contribution of higher order. Within the single particle DUM the prefactors A and B obtained for Sc result with the free mass of Sc in the characteristic energy E Ã DUM % 11:5 meV and the anharmonicity parameter b DUM E 0.05. These values are close to the characteristic energy % E Sc E 9.0 meV calculated from Z Sc (o) and to the b range estimated from experimental data. The correspondance of b DUM with the experimental data can be improved by taking into account the low-energy modes identified in G(o) and thus Z Sc (o) only. It is then quantified to the range of 0.15-0.2. We exploited in addition the experimentally determined energy shift E(T) shown in Fig. 10 to reconstruct an effective 4, [22] [23] [24] This can be expected as the characteristic modes of Sc are located at higher energies than those of Ga and Al, and, moreover, the energy shift upon T-variation of Al-dominated vibrations is supposed to be enhanced. 4 The variation brought about by Z[o(T)] is rather subtle. It is detectable as a dilution of the difference amplitude with respect to LaV 2 Al 20 albeit a higher signal towards low T is present.
E. Thermal displacement parameters
G. Grüneisen parameters and thermal expansion properties is amplified as the anharmonicity is only strong for the low-energy modes.
Calculations 
IV. Discussion and conclusions
To start with some generalities we highlight the good agreement of the DFT and LDC results with data and conclusions drawn from computer studies on other Einstein solids such as skutterudites and clathrates published in the literature. 15, 16, 30, 31, 37, 39, 72 Experimentally established inelastic responses are reproduced satisfactorily with no negative eigenfrequencies indicative of an instability of the computer generated compounds. variations. An equivalent observation is reported in the literature for the dynamics of skutterudites and clathrates. 16, 33, 36, 72 There is a dynamic feature in the response of ScV 2 Al 20 which may underline the coupling properties of this compound and is worth speculating about. The shift of the mean energy hE(T)i of the Sc-dominated peak does not follow strictly the prediction of the DUM but tends towards higher values at higher T as shown in Fig. 10 . INS data for KOs 2 O 6 show a corresponding behaviour.
14 Obviously higher restoring forces than those predicted by the static quartic potential at T = 0 are at work at higher T. 20 . It is tempting to assign the broadening of the INS data to defects and disorder in the ScV 2 Al 20 compound. However, the validity of this assignment remains an open question here as we could not quantify a possible amount of defects in the specimen. A defective crystalline structure becomes noticeable by a reduction of its Bragg peak intensities equivalent to the impact of enhanced thermal displacements U n iso (T). With the performed X-ray diffraction experiments we could not discriminate these effects. Temperature dependent neutron diffraction enhancing the contrast between Sc and Al and total scattering experiments could be of help and will be tackled in future.
Finally we highlight that the core of this study is the establishment of the microscopic dynamics of AV 2 Al 20 with the temperature dependent effects being computed as a consequence of the ground state properties of the DFT approximated compounds. Consequently, the results do not explain the thermal conductivity data for ScV 2 Al 20 and LaV 2 Al 20 in quantitative measures as reported in Fig. 2 . Nonetheless we identify two properties of the microscopic dynamics which lead to a reduced thermal conductivity in crystals and could account for the particular behaviour of k l (T) of ScV 2 Al 20 on qualitative grounds. Number one is the formation of hybrid modes of lowdispersion located within the energy range of acoustic phonons of the binary compound. Thereby, the average energy of the hybrid modes is bisected in ScV 2 Al 20 when compared to LaV 2 Al 20 disrupting propagating modes of longer wavelength and thus indicating an overall lowered k l (T). Number two is the enhanced mode Grüneisen parameter of the hybrid modes which is highly augmented in the Sc containing compound facilitating shorter phonon lifetimes and leading to lowered k l (T). With an increase of T the low-energy hybrid modes of ScV 2 Al 20 are renormalized approaching energies of the LaV 2 Al 20 hybrid modes thence being indicative of a progressive reduction of the difference in k l (T) between these two compounds. In summary, the measured k l (T) plotted in Fig. 2 is qualitatively in line with the properties of the microscopic dynamics established experimentally by INS and through DFT and LDC.
V. Summary
We have shown that the microscopic dynamics of AV 2 Al 20 (A = Sc, La, and Ce) which was monitored by inelastic neutron scattering experiments can be approximated by a set of vibrational eigenmodes derived through density finctional theory (DFT) and lattice dynamics calculations (LDC). Structural properties studied experimentally have been equally matched on qualitative and quantitative grounds by the computer modelling. The propensity of the DFT-derived potential of A(8a) and Al(16c) sites to anharmonicity with a significant quartic term has been established and experimentally confirmed in ScV 2 Al 20 by a positive renormalization of Sc-dominated modes upon heating in INS experiments. It has been demonstrated for ScV 2 Al 20 that with the aid of DFT and LDC-derived mode Grüneisen parameters and the experimentally deduced mode shift optimization of the characterization of thermal displacements, heat capacities, thermodynamic Grüneisen parameters and thermal expansions can be performed.
